Ixodes ricinus is the most important vector of tick-borne-diseases in Europe. A better knowledge of its genome and transcriptome is important for developing control strategies.
of gene transcripts (the transcriptome) in individual species. By comparing gene expression between different states (e.g. developmental stage, sex, environmental conditions, etc.), these studies can provide insight into gene function. These RNA sequencing studies can also provide information on genetic variation within and among populations [11] . To date, several studies have investigated gene expression in I. ricinus [12, 13, 14, 15, 16, 17] . Most of these studies have was expected to show low heterozygosity. We then compared the results from our study to the results from three previously published RNA-Seq studies that used different sources of I. ricinus 95 tick material: i. wild ticks, ii. F1 offspring obtained from a mating between two wild ticks, and iii. a tick cell line. Specifically, we compared levels of polymorphism and heterozygosity between 4 different sources of I. ricinus tick material that were expected to differ with respect to their genetic variability. This information provides a large catalogue of polymorphic sites in expressed regions, and provides an important database for future population genetic studies. 
Ethics statement and animal experimentation permits
The use of vertebrate animals (mice and rabbits) to maintain the I. ricinus colony at the University of Neuchâtel was performed following the Swiss legislation on animal experimentation. 115 The commission that is part of the 'Service de la Consommation et des Affaires Vétérinaires Preparation of the biological samples 120 We obtained ticks in five different biological states (sample size in brackets): i. unfed nymphs (n=60), ii. partially fed nymphs (n=12), iii. unfed adult females (n=8), iv. partially fed adult females (n=4), and v. unfed adult males (n=12). Samples sizes for cDNA sequencing differed among biological states because the amount of mRNA per individual differed between stages (nymphs versus adults) and feeding conditions (unfed versus partially fed). Nymphs were fed 125 on mice (Mus musculus) and removed after 24 hours of attachment while adult females were fed on rabbits (Oryctolagus cuniculus) and removed after 48 hours of attachment. These feeding durations for both stages (adult ticks feed longer than nymphs) correspond to phase 1 or the slow phase of engorgement following the two phases defined by Lees [20] . During this phase, the nymphs and adults both reach approximately 1/4 of their final engorgement size. Unfed 130 and partially fed ticks were flash-frozen at -80 • C before DNA and RNA extractions. To allow statistical comparisons of gene expression levels among the different conditions, three biological replicates were obtained for each of the five combinations of stage and feeding status (a total of 15 samples were prepared).
Total RNA extraction 135 Whole tick bodies were ground with a soft plastic pestle in Trizol (Invitrogen, Life Technologies, Carlsbard, CA, USA) on dry ice. RNA was purified as follows: after adding chloroform, the ground material was centrifuged, the aqueous phase was transferred into an RNase-free tube and was topped up with ethanol. RNA was extracted using a NucleoSpin RNA XS column (Machery-Nagel), which included a DNAse treatment. A second DNase treatment (Machery-140 Nagel) in RNasin (Promega) was performed to ensure complete degradation of any remaining genomic DNA. The absence of genomic DNA was confirmed by PCR tests that targeted the 18S ribosomal RNA gene of I. ricinus.
Library preparation and sequencing
The quantity and quality of extracted RNA was evaluated with NanoDrop (Thermal Scientific,
Quality and assembly of reads
To produce the data set, the raw paired-end reads (2x125 bp) were first cleaned. Adapters were clipped and low quality regions were filtered using Trimmomatic (release 0.36) [21] ; only reads with a minimum of 36 high quality-scored contiguous bases were kept. Summary statistics of 155 the sequence quality were checked for each library by visualizing the FastQC report (release 0.11.5) [22] .
Filtering out rRNA reads and de novo assembly
To filter out reads corresponding to rRNA gene expression, reads were mapped to a large contig encompassing the 18S, 28S and 5.8S ribosomal genes. This contig was obtained by performing 160 a preliminary de novo assembly of publicly available Illumina transcriptomic sequence data for I. ricinus as of June 2014 (see supplementary Table S1 ). Reads were mapped to this contig using Bowtie 2 [23] . This contig was expected to be more effective for removing the rRNA reads than the published rRNA sequences of I. ricinus because the former contains complete or nearly complete sequences whereas the latter only contains partial sequences. All the reads that 165 did not map to rRNA were assembled with Trinity (release 2014-07-17) [24] , using the 'dUTP library preparation' option to take into account strand-oriented sequencing.
Assessment of transcriptome completeness
A common test used to assess the "coverage" (or information completeness) of a given sequence data set is to analyse random samples of reads, and to create a saturation curve describing 170 the relationship between different metrics (numbers of contigs of a specified length, number of matches to a known set of genes, etc.) and the read sample size. Complete data sets have saturation curves that plateau more quickly compared to incomplete data sets. To determine the coverage or completeness of our data set, we randomly sampled 1, 2, 5, 10, 20, 50, 80, 100, 140, and 160 million reads from our cleaned libraries, as detailed below. Completeness was 175 also estimated by determining the presence of homologs of conserved arthropod genes using the BUSCO approach [25] . BUSCO v1 uses a reference database of 2,675 conserved arthropod genes (BUSCO genes) and searches for potential homologs in the database of interest by running BLAST [26] and HMMER [27] . Conserved BUSCO genes are assigned to four classes of genes: i. missing, ii. fragmented, iii. duplicated, and iv. complete. To determine if the open reading 180 frames (ORFs) were correctly predicted, we checked the strands of the predicted genes within the contigs matching the BUSCOs. To produce the final assembly, we reduced the potential redundancy resulting from the presence of alternative transcripts in the contigs. We clustered similar sequences using cd-hit-est [28] , retaining the longest transcript of each cluster. Identity parameters were chosen to cluster nearly identical sequences resulting from alternative splicing. 185 We used relatively stringent parameters for clustering: the local alignment had to comprise more than 50% of the longest alignment and more than 80% of the shortest alignment, with a minimum nucleotide identity of 98%. To assess the loss of information produced by the clustering, we checked read recruitment in our final set of contigs by mapping with Bowtie 2 [23] .
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Comparison of the completeness of our assembly relative to other assembled transcriptomes In recent years, several research groups have produced RNAseq data sets for I. ricinus. For most of these projects, the de novo assemblies (or sets of predicted genes derived from these assemblies) have been published in the Transcriptomes Shotgun Assembly (TSA) division of 195 Genbank. Using statistics provided by BUSCO [25] , we compared the completeness of our final assembly to that of six different assemblies/gene sets, which were obtained from six different RNAseq projects (see supplementary Table S4 ; TSA accessions: GADI01, GANP01, GBIH01, GCJO01, GEFM01 and GEGO01).
Gene prediction and annotation 200
The prediction of coding sequences (>100 amino acids) was performed using TransDecoder, which is part of the Trinity software [24] . The TransDecoder options were set to account for the strand orientation of the sequencing (i.e. ORFs were searched only on the forward strand). Finally, annotations from comparison with public databases were used to filter multiple ORF predictions by transcripts (see below). Following the pipeline recommendation of Trinotate (release 205 2.0.2) [29] , both contigs and predicted peptides were compared by blastx+ and blastp+ (release 2.2.29) [26] to releases of Swissprot and Uniref90 (available on https://data.broadinstitute.org/Trinity/Trinotate v2.0 RESOURCES/). Protein domains were identified using HMMER (release 3.0 from March 2010) [27] with PFAM-A [30] , signal peptides with SignalP [31] , and transmembrane domains with TMHMM [32] . We tagged ribosomal RNAs using RNAmmer [33] . All these layers of annota-210 tion were combined by Trinotate to assign gene ontology (GO) information to each contig. In the case of multiple ORF predictions for a contig, if one ORF was similar to a known protein while the others was not, only the former ORF was retained. In other cases (several ORFs with similarity to known proteins, or several ORFs with no similarity to known proteins), the different ORFs were retained. As we were particularly interested in cuticular proteins, all peptides 215 that contained the chitin-binding domain (PF00379) were classified using the CutProtFam-Pred webserver [34] .
Differential expression and GO enrichment
In addition to the reconstruction of transcript sequences, RNA sequencing also allows the user to quantify transcript expression by counting the number of sequenced reads that map to a 220 given transcript. Paired reads for each library were pseudo-aligned on the Transcriptome de Bruijn Graph (T-DBG) using Kallisto [35] . We chose this method, based on a k-mer approach, because it is much faster while providing the same accuracy as the best mapping approaches [35] . This method produced raw counts and normalized count statistics (TPM, or transcripts per million reads) for each assembled contig. These counts allowed us to test for differential 225 expression between conditions. We compared the following conditions: partially fed ticks versus unfed ticks (to assess the feeding-related changes in gene expression), nymphs versus adults (to assess stage-related changes in gene expression), and unfed adult females versus unfed adult males (to asses sex-related changes in gene expression). The sex of the nymphs cannot be determined because sexual dimorphism is only present in adult ticks. Differential expression 230 analyses were performed with the R package DESeq2 [36] using the raw counts from Kallisto.
To describe the relevant biological changes between conditions, we used predictions produced by gene ontology (GO) term annotation, which included: "molecular function", "biological process" and "cellular localization" [37] . GO terms were compared between transcripts that were not differentially expressed between conditions (unbiased transcripts) versus transcripts unbiased 235 transcripts versus transcripts that were differentially expressed between conditions. We defined unbiased transcripts as contigs with no significant change in expression between conditions (fold change less than 2 and adjusted p-value higher than 0.05). Enrichment analysis was performed using the elim method using Kolmogorov-Smirnov tests developed and implemented by Adrian Alexa in the R package TopGO [38] . As suggested by this author, multiple testing 240 was taken into consideration by using the false discovery rate (FDR) on the enrichment test pvalues. The resulting GO enrichments were analyzed using the R package GOprofiles [39] , which provides visualization tools. GO enrichment comparisons are by definition limited to contigs with assigned GOs, whereas many more contigs can show significant changes in expression between conditions. A substantial number of contigs had no assigned GOs but did have other annotations, such as domains identified through the PFAM analysis. We therefore used a text mining analysis of the PFAM domains to further compare changes in gene expression between the different conditions (unfed/fed, nymph/adult, male/female). This approach allowed us to distinguish the most common terms associated within a text. We therefore extracted the PFAM terms associated with contigs over-expressed in each of the conditions defined above (fed/unfed, 250 adult/nymph, male/female), and treated them as a single text for each category. To prevent over-representation of transcripts with many PFAM domains, only the first ten PFAM terms were retained for a transcript. Over-expressed contigs were defined as contigs with a fold change larger than 4 and a significant p-value (p<0.05) in the DESeq2 analysis. PFAM descriptions were edited to remove the less informative terms (e.g. "protein", "domain", "motif'). We 255 then used an in-house R script to draw clouds of words with word sizes proportional to their frequency in the text. This approach is complementary to the GO-enrichment tests, as it helps to visualize major shifts in expression among conditions.
Summary of results by peptide predictions and by contigs
An annotation file with tab-separated values was produced, providing all the information from 260 the Trinotate report, raw counts from Kallisto, log fold changes and p-values for differential expression, and BUSCO information. This report contains one line per peptide prediction and was deposited with a DOI on the Zenodo platform (see the section "Accessibility of Data" at the end of the article).
Polymorphisms 265
Polymorphism was surveyed in the reads produced through our project (corresponding to an inbred line) but also for data from five other RNAseq projects of I. ricinus publically available in Genbank. Three published data sets used wild tick populations from Sénart in France (SEN) [40] , from the Czech Republic (CZ-W) [13] , and a mixture of wild tick populations (LUX) that was provided by Charles River Laboratory [17] . The other two data sets were based on 270 F1 full sibs from a cross between wild ticks from the Czech Republic (CZ-F1), and a tick cell line (CL). More details on those 5 data sets are given in Table S3 in the supplementary material. Reads sequences are available at the NCBI Sequence Reads Archive (SRA) and organized by BioProject. After downloading reads from the SRA archives, the reads were cleaned using Trimmomatic (with the same parameters as above). As estimates of polymorphism and heterozygosity depend on sample size, we standardized the sample size for each data set by randomly sampling 30 millions reads from each SRA. The combined data sets were analysed to detect single nucleotide polymorphisms (SNPs). SNPs were predicted with a "direct from the reads" approach, using KisSplice (release 2.4.0) [41] , a software that identifies variations by detecting "bubbles" in the De Bruijn graph. SNPs were mapped on our final set of contigs 280 using Blat (version 36) [42] . A report assessing various parameters for each SNP (location, reliability, etc.) was provided by Kiss2refTranscriptome [43] . To minimize false positives, we retained only SNPs that respected the following criteria: i. SNPs had to be covered by at least ten reads in each data set and ii. SNPs needed to be uniquely mapped (e.g. mapping to a single component). Using this restricted set of SNPs, we used variant counts produced by KisSplice 285 to calculate allele frequencies at each polymorphic sites, for each of the 6 RNAseq data sets.
We estimated heterozygosity (using the formula He = 2pq, where p and q are the frequency of each variant) for each SNP position, and for each data set. Genetic differentiation between data sets was estimated using F ST calculated by BayesScan [44] with default parameters.
Results
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Reads and assembly statistics
We obtained a total of 210,229,106 paired strand-oriented reads. After filtering out the poor quality reads and orphan reads, (13,611,318 reads) and after excluding the reads assigned to rRNA (33,745,090 reads), the final set contained 162,872,698 trimmed, good quality reads (see Table 1 ). For the fifteen libraries, the mean number of reads was 10,858,180 reads per library 295 (range = 7,628,548 to 15,814,366 reads). Trinity produced an initial assembly set of 427,491 contigs, of which half had a length between 200 and 300 bp. As these small contigs are expected to be mostly represent gene fragments or untranslated region (UTR) sequences, we discarded them and only considered contigs above 300 bp. After reduction of redundancy step [28] , the resulting final assembly contained a total of 192,050 contigs. For the 15 different tick libraries, 300 88% and 91% of the reads mapped back to contigs (see Table 1 ). This good recruitment rate suggests that i. the Trinity-produced assembly managed to capture most of the information contained by the reads, and ii. little information was lost after eliminating the smaller class of contigs (¡ 300 bp). As an internal test of completeness, we analyzed the numbers of contigs of different sizes that resulted from the assemblies of random subsets of reads of increasing sample 305 size. There was no clear saturation when considering all contigs, as the number of contigs was still rising (with only a moderate decrease of the slope) for even the largest read sample sizes (see supplementary Figure S2 ). However, when only considering contigs above a certain size, the number of contigs clearly tended to plateau; this plateau can already be seen for contig size >300 bp, whereas the plateau was marked for contigs >1,000 bp. This saturation effect 310 was also shown with the BUSCO approach where the numbers of conserved arthropod genes plateaued at a sample size of 100 million reads (see supplementary Figure S3 ). Overall, this result suggests that our complete set of reads tended to saturate the information on the mid-size to large transcripts, indicating that the coverage of our I. ricinus transcriptome was good (when considering all together the 5 combinations of stage, sex, and feeding conditions in our study). Taxonomic assignation
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We used taxonomic information from the code name of the best hit on the Uniref90 proteins cluster. We found that 6.4% of assembled transcripts (n = 12,368) were assigned to fungi (considering a minimum of 50% of protein identity and an E-value lower than 10e-5). Fungal contamination of individual ticks has been observed in the I. ricinus colony at the University 320 of Neuchâtel. To facilitate moulting, blood-engorged larvae are placed in tubes with moistened filter paper, which also facilitates the growth of opportunistic fungi, which are the most likely source of the contamination observed in the present study. We counted 887,767 reads that mapped to the fungi-like contigs, which represents only 1.2% of the total number of counting events by Kallisto, suggesting that contamination was modest. Statistics on the abundance 325 of these fungi-like transcripts for each library are presented in the supplementary materials.
After removing the 12,368 fungi-like contigs, the final assembly contained 179,682 contigs (see Table 2 ). A taxonomic assignation was obtained for 58,681 contigs; of these, 36.7% and 33.3%
were assigned to Ixodes scapularis and I. ricinus, respectively (see Figure 1 ). Another 17% of the contigs had matches to "Acari" (i.e. tick and mite species other than I. scapularis and I. to Ixodes species, and lower for distant taxonomic groups. However, this expected pattern was reversed at the finest taxonomic level (genus Ixodes), where the mean distance to I. scapularis hits was lower than the mean distance to I. ricinus hits. We suggest that the relatively limited numbers of entries in Genbank for I. ricinus are causing this counter-intuitive result. We explored the distribution of % proteic identities (see supplementary Figure S5 ) for best hits to 340 I. ricinus or I. scapularis. For both species, the highest peak of genes had a very high percentage of proteic identity (>95%). This peak probably corresponds to the orthologous genes found in both I. scapularis and I. ricinus. However, the distribution of proteic identities for I.
ricinus shows a secondary peak of hits with a low proteic identity (∼45%). These low identity hits cannot correspond to the same gene, but probably represent distant paralogs of genes, or 345 genes having a similar protein domain. The presence of this secondary peak decreases the mean identity of hits to I. ricinus and explains why the mean identity of our data set is lower for I.
ricinus than I. scapularis.
Annotation
The partially fed nymphs and adults contained blood (and therefore RNA) from mice and 350 rabbits, respectively. The 366 contigs with high identity to mouse or rabbit proteins were removed so that the final published assembly contained 179,316 contigs. Overall, 57,098 contigs Figure 1 : Taxonomic assignment of contigs using Uniref90 best blast hits. The bars in the bar graph correspond to the number of contigs assigned to different taxonomic groups (the percentage of contigs assigned to each taxonomic group is shown in brackets). Best hits to "Acari", which include tick and mites are hits to Acari species other than I. ricinus and I. scapularis. Best hits to "Arachnida", which include spiders and scorpions, are hits to Arachnida species other than Acari. The mean percentage of proteic identity and the standard deviation are shown after the taxonomic name.
(31.8% of the total) had a significant similarity with known proteins present in Uniref90 or Swissprot (see Table 3 ). The percentage of contigs with a match strongly increased with contig size ( 
Completeness
Of the 2,675 conserved arthropod genes in the BUSCO database, our assembly contained 2,033 complete genes (completeness of 76%) and 250 partial genes (extended completeness of 85.3%).
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Previously published assemblies or collections of predicted genes (TSA archives) for I. ricinus all produced lower percentages of complete conserved genes ( Figure 2) . A comparison of the overlap between our new data set and the combined TSA data sets found that our assembly contains 295 BUSCO genes (11%) not present in any of these TSA data sets, whereas the combined TSA data sets contained 231 BUSCO genes not present in our assembly. We obtained a similar percentage 370 of BUSCO contigs with correctly predicted strands (98.7%) compared to the combined TSA data sets (mean of 98.6%, minimum of 95.8% for GEGO, maximum of 100% for GANP).
Differential expression
When comparing the 200 most expressed transcripts, the "I" library of unfed adult males showed a strong deviation from all other libraries, including the two other replicate libraries of 375 unfed adult males (libraries "G" and "H") (see supplementary Figure S8 ). The "I" library also contained a particularly high percentage of rRNA reads (>60%) suggesting that this sample was of lower quality (see supplementary Figure S1 ). For this reason, we decided to exclude the "I" library from the analyses of differential gene expression. Comparing the levels of gene expression among libraries, we found that libraries clustered by condition for unfed nymphs, fed 380 nymphs, and unfed females (supplementary Figure S9 ). Such clustering was not observed for the unfed males, whereas only two of the three samples clustered together for the fed females.
The numbers of unbiased transcripts for the different comparisons were as follows: 39,719 for unfed versus partially fed, 24,801 for males versus females, and 43,992 for nymphs versus adults.
We found that 11,322 transcripts (6.3%) were differentially up-or down-expressed between the 385 unfed condition and the partially fed condition (adjusted p-value = 0.05). The numbers of differentially expressed (DE) transcripts were lower in the other two comparisons: 5,957 DE transcripts between males and females (3.3%), 2,291 transcripts between nymphs and adults (1.3%). Using the GO terms associated with DE transcripts between unfed and partially fed ticks, we found a significant enrichment (FDR < 0.05) for 2 molecular function (MF) terms, 390 59 biological process (BP) terms, and 4 cellular component (CC) terms (detailed results in Tables S5 to S22 in the supplementary materials). We presented a detailed view of significantly enriched GO terms (using up and down DE transcripts) between partially fed and unfed ticks without distinction of stage and sex (see Figure 3 ). For this analysis, the categories of the GO terms included biological process, molecular function, and cellular component, for which the false discovery rates were < 0.01, < 0.05, and < 0.05, respectively. The comparison between unfed and partially fed ticks found a significant enrichment of terms associated with cuticle production ( Figure 3) ; specifically, the expression of cuticle-associated genes was significantly higher in partially fed ticks than unfed ticks. Figure 3 : GO enrichment for the comparison between unfed and partially fed ticks. The Xaxis shows the categories of the GO terms, which include: "Biological Process", "Molecular Function", and "Cellular Component". The Y-axis shows the number of GO terms found in differentially expressed transcripts for unfed and partially fed ticks. The false discovery rate (FDR) was < 0.01 for "Biological Process", < 0.05 for "Molecular Function", <0.05 for "Cellular Component". We represented only the best FDR for "Biological Process" (those with a corrected p-value less than 0.01 instead of 0.05). Indeed, many GO terms were obtained and did not help to visualize the result (see Table S6 and S9 in Supplementary Materials for detailed GO results). FDR significance: *<0.05; **<0.0005, ***<0.000005.
Out of 39 transcripts containing a chitin-binding PFAM domain (PF00379), one contained 400 two PF00379 domains and 22 contained a signal peptide. All these transcripts were classified as members of group 2 using the CutProFam-Pred webserver. Expression levels in each library of cuticle-related transcripts were shown in a heatmap (Figure 4 ). Of the three most expressed cuticular transcripts, two transcripts shared a high identity with the proteins described by information (see Figure 5 and Figure S10 -S14 in the supplementary material). For the genes that were over-expressed in partially fed ticks compared to unfed ticks ( Figure 5) , we highlight the abundance of the following terms: reprolysin and metallopeptidase and Kunitz-BPTI (these three terms were often associated in the same transcripts)as well as tick-histamine-binding, 415 immunoglobulin, and chitin. For the genes over-expressed in unfed ticks ( Figure S10 ), the most common terms were immnoglobulin, zinc-finger and leucine-rich-repeat. Actually, some of the most highly DE genes in unfed ticks had several IgC domains as is the case for a homolog of the gene Turtle. However, this trend was not caused by just one or a few transcripts, but by several genes with a similar structure (probably a gene family). Other comparisons of GO terms in 420 over-expressed transcripts (nymph/adult, female/male) showed no statistical differences after correction for multiple testing (Tables S5 to S22 ). Text-mining of the associated domains gave additional insights into the associated gene functions. For genes that were over-expressed in nymphs ( Figure S11 Figure 5 : Relative abundance of terms in the identified PFAM domains of transcripts overexpressed in partially fed ticks. Transcripts over-expressed during blood feeding were defined as those transcripts that were 4-fold more abundant in partially fed ticks compared to unfed ticks and that had a p-value < 0.05 (DESeq2 analysis). Terms were extracted from PFAM annotations and the first 10 domains were retained for each transcript. Terms or characters that were not informative (e.g. "protein", "domain", "motif", "dots", etc.) were trimmed.
Polymorphism 430
Starting from the 368,367 SNPs initially detected by KisSplice using the default parameters, we applied more stringent criteria to increase the specificity: only 8,955 SNPs were supported by at least 10 reads in each strain. We further filtered out all SNPs not assigned unambiguously to a single component of the T-DBG, resulting in a final set of 5,422 SNPs. For this smaller but very robust set of polymorphic sites, the minor allele frequency (MAF) and heterozygosity were strains (CZ-F1, NEU, and CL) were distant from the central cluster of wild strains in the axis 1 versus axis 2 plane space, and were also distant from each other. These lab strains formed a separate group supported by the third axis (see plane space representation of corresponding to axis 1 versus 3 and axis 2 versus 3). F ST calculated by BayeScan showed very low values for the wild strains (SEN, LUX, CZ-W), but high values for the lab strains (CZ-F1, NEU, and CL) (see supplementary Figure S6 ). This result is in agreement with the FCA, and suggests 445 that the three lab strains are differentiated from a typical wild population and are also different from each other. Density of the loci's heterozygosities for each strain showed similar patterns (see supplementary Figure S7 ) with. Again, the three wild strains exhibiting showed similar distributions of heterozygosity whereas the two of the lab strains (CZ-F1 and NEU) showed very similar profiles: a high proportion of sites with very low heterozygosity (fixed or nearly-fixed 450 SNPs) and a low proportion of sites with intermediate levels of heterozygosity. The CL strain showed an even more striking increase in the proportion of fixed sites. All these results showed that the three lab strains have less heterozygosity, differ strongly from wild ticks, and differ strongly from each other.
Discussion
455
Several recent RNAseq studies on I. ricinus have focused on the transcriptomes of specific tissues such as the midgut, salivary glands, haemocytes, and ovaries [13, 14, 15, 16, 17, 18, 19] .
In contrast, we tried to obtain a broader picture of the transcriptome of I. ricinus by sequencing and assembling transcripts from whole ticks in different conditions defined by developmental stage, sex, and feeding status. First, our de novo assembly showed high overall completeness 460 and significantly enlarged the catalogue of known coding sequences for I. ricinus. Second, we detected blood feeding-induced changes in gene expression at the level of the whole body. Third, our analysis of polymorphism in the transcriptome sequence data of our study and previously published studies allowed us to compare the levels of genetic diversity between outbred wild strains of I. ricinus versus inbred lab strains and tick cell lines.
465
Genomic Resources for transcribed sequences
Using the BUSCO approach, our assembly showed high completeness with metrics that compared very favorably with previously published de novo assemblies (TSA contigs). All of these previous assemblies were based on specific tick tissues (midgut, salivary glands, haemocytes, etc.), which probably contain a smaller repertoire of transcripts which could explain their lower 470 level of completeness. We also suggest that the sequencing strategy used for these assemblies, a combination of 454 and Illumina technologies, may have produced sub-optimal results. For exemple the error-rich 454 sequences may have caused numerous indels in the final contigs, causing difficulties for ORF prediction [46] . In contrast, we found that 231 BUSCO genes were absent from our assembly but present in the published TSA. One explanation is that tissue-475 specific transcriptomes (previous studies) will detect transcripts that may be rare at the level of the whole body (our study). A second explanation is the strong time-dependence of gene expression during the blood meal as shown in previous studies on I. ricinus [14] and I. scapularis [47] . Our experimental design had only a single time point for nymphs and adults ticks, which might have resulted in missing some of the transcripts. This observation suggests that it is transcriptome of the species. Overall, one third of the assembled transcripts showed similarity with known proteins and 70.8% of the contigs larger than 1 kb were successfully annotated.
The majority of the best hits (70.0%) were matches to Ixodes tick species, and this result was expected given that a complete genome sequence is available for I. scapularis [48] . A smaller 485 fraction had best matches to other groups, primarily arthropods (19.6%). These matches could be genes that are not fund in other tick genomic resources due to their relative incompleteness or to the true absence of homologous genes in other tick species. A small number (n=366) of contigs were assigned to genes of mice and rabbit (on which the nymphs and adults had fed), which indicates that host RNA was ingested during the blood meal. As expected, the mean 490 proteic identity reflected phylogenetic distance, with one exception. We found a higher mean proteic identity of our transcripts to I. scapularis than to I. ricinus. One explanation for this counter-intuitive result is that the available genomic resources are much greater for I. scapularis than I. ricinus. A complete genome has been published for I. scapularis [48], but only a genome survey is available for I. ricinus [17, 49] . For I. ricinus, most proteic sequences in the databases 495 are derived from de novo assembled transcriptomes that are still rather incomplete. Thus, one explanation for the relatively low mean identity of the hits to I. ricinus could be the absence of the same gene in the data banks (matches would often correspond to paralogous gene copies or shared proteic domains).
Gene expression in response to blood feeding 500 Differential expression analysis showed that 11,322 transcripts were either up-or down-regulated during blood feeding. Blood feeding induced more changes in gene expression than stage (two times more) or sex (almost six times more). The enrichment tests for unfed and partially fed conditions compared the GO terms between the differentially expressed transcripts and 39,719 unbiased transcripts. The most important enriched GO terms were related to production of the 505 tick cuticle. Over the course of the blood meal (3 to 8 days depending on the stage), hard ticks undergo dramatic changes in body size. When adult females reach repletion, their body weight increases by a factor of 100 [50] ; which means that ticks must completely remodel their cuticle during repletion. Previous studies on adult female I. ricinus ticks observed an increase in cuticle thickness from 30 µm to 105 µm during the slow phase (first phase) of engorgement, followed 510 by a decrease to 45 µm during the rapid phase (second phase) of engorgement [20, 45, 51, 50] .
These studies support our finding that I. ricinus ticks increase their production of cuticular proteins during the blood meal, in order to greatly expand their body size. associated with up-regulated transcripts in the fed condition revealed that the term GO:0004222 520 (metalloendopeptidase activity) appeared in fourth position, after three terms associated with cuticle production (Table S5 ). There are several reasons why metalloproteases and protease inhibitors did not appear in the list of genes that were significantly differentially expressed between conditions. One reason is the relatively limited fraction of genes with a GO assignation(15%), which resulted in a lack of power for these comparisons. A second reason is the fact that the 525 previous studies investigated specific tissues (e.g. salivary glands) whereas our study concerned whole ticks. If expression of secreted BP Kunitz proteins is mostly restricted to the tick salivary glands, then any change in gene expression would be diluted when considering the whole tick body where other metabolic processes dominate, such as those related to cuticle production. A third reason is that GO terms associated with BP Kunitz proteins, metalloproteases, reprolysin, 530 etc, were not exclusive to upregulated in the partially fed ticks. In fact, several of the genes that were considered as unbiased or genes that were strongly up-regulated in unfed ticks had the same GO terms. The same observation applies to other terms that have been associated with blood-feeding in previous studies, or to other terms (e.g. zinc finger). The text mining analysis of the PFAM domains also found a high frequency of terms like reprolysin and Kunitz 535 domains in the up-regulated transcripts of the partially fed ticks. This result is in agreement with previous publications [54, 55, 53] . However, we note that these domains are also common in the up-regulated transcripts in unfed ticks. The text mining analysis found that some terms are abundant across the different states of developmental stage, sex, and feeding condition. For example, the term "zinc finger" was the most abundant term in three different states: nymph, 540 adult, and female. This observation suggests that ticks contain multigenic families that share these common domains and that different genes in these families are expressed at different points in the tick life cycle. This observation also suggests a subtle transcriptional landscape, where shifts in gene expression should be studied at the level of the gene rather than at the level of blocks of genes sharing the same GO or domain assignation.
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Genetic Diversity
Our study of single nucleotide polymorphisms found substantial differences in heterozygosity between the different sources of I. ricinus used in RNAseq studies. The factorial component analysis indicated that three data sets corresponding to wild ticks (SEN, CZ-W, and LUX) clustered together, whereas each of the three lab strains (NEU, CZ-F1, and CL) differed markedly 550 from that cluster and from each other. The clustering of the wild tick tick populations indicates that they have similar levels of heterozygosity (and should not be interpreted as the absence of genetic diversity between the three wild tick populations). In contrast, the lab lines show reduced levels of heterozygosity and frequent allele fixation at each of the SNP sites ( Figure S7 ), and reduced levels of heterozygosity. Reduction in heterozygosity was expected in the CZ-F1 555 strain because it was derived from a single mating of two wild ticks. Reduced heterozygosity was also expected in the NEU strain because it was derived from a laboratory colony that has a long history of inbreeding and small effective population size. The material from the tick cell line (CL) had an even more extreme reduction of heterozygosity, which is an feature of cell lines [56] . The lab strains differ from each other because of genetic drift, which results in the 560 random fixation of alleles in each lab strain. Our study illustrates that sequencing the transcriptome of tick populations allows the genotyping of thousands SNPs at hundreds of genes, which can greatly extend the traditional populations genetic approaches based on much fewer genetic markers [14, 43, 57] .
Conclusion
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Our de novo assembly showed high overall completeness and significantly enlarged the catalogue of known coding sequences for I. ricinus. Our study investigated the transcriptome of whole ticks that differed with respect to their developmental stage, sex, and feeding condition. This approach allowed us to detect changes in gene expression at the level of the whole body instead of specific tissues. We found that blood feeding induced a strong up-regulation of transcripts [55] Schwarz, A., Cabezas-Cruz, A., Kopeckỳ, J., Valdés, J.J.: Understanding the evolutionary structural variability and target specificity of tick salivary Kunitz peptides using next gen-
